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box are deleted from the simulation and new particles are
continuously introduced at the phase box boundaries where
phase ﬂuid is ﬂowing in. The integrated energy change dW
is calculated for each particle; applying Liouville’s theorem,
the distribution function F is then known at all the phase
space points occupied by particles. In order to calculate the
resonant particle current it is then only necessary to interpo-
late F from the particles to the phase space grid, using a sim-
ple interpolator. The method has many powerful advantages,
as follows.
1. Like all Vlasov methods the formalism is inherently low
noise and far superior to “Particle in Cell” (PIC) meth-
ods in this respect (Cheng and Knorr, 1976).
2. The population of particles is dynamic, and is always
conﬁned to particles resonant with the current wave-
ﬁeld.
3. Themethodisverystableandrobustagainstdistribution
function ﬁlamentation.
4. No artiﬁcial ﬁltering or smoothing of the distribution
function needs to be introduced.
5. A simple low order interpolator may be used since the
interpolated distribution function is integrated over ve-
locity space to calculate the current; the interpolated
distribution function is not used in an accumulative
fashion as part of the ongoing dynamics.
It should be noted that the resonant charged particle cur-
rent is computed using the normal plasma physical expres-
sion, e being the charge on an electron, F the distribution
function, F0 the unperturbed value, and V velocity space.
J⊥ = −e
ZZZ
(F − F0)V⊥d3V , (1)
where the integral is over velocity space in the region of local
cyclotron resonance. In the literature (Carlson et al., 1990)
frequent reference is made to the so called “particle bunching
current” . The reader is warned that no such thing exists. Any
selection of particles exhibits phase bunching in a non triv-
ial situation where a waveﬁeld is present. The only current
present is that given by the above expression.
2.2 Development of the ﬁeld equation
In order to understand fully the computational results it is
helpful here to derive the one dimensional ﬁeld equations in-
tegrated by the code, under the assumption of parallel propa-
gation (Nunn, 1990).
Assuming z is the coordinate along the ﬁeld line measured
from the equator, electron plasma frequency is given by
5(z)2 = Ne(z)e2/ε0m, (2)
where both cold plasma density Ne(z) and electron gyrofre-
quency vary parabolically with z. Electron gyrofrequency is
given by
 = eB(z)/m;(0) = (8.8)105/L3 . (3)
To derive the ﬁeld equations we employ dimensionless
units as follows
zunit = 1/k;k = 5(0)/c; tunit = 1/ω;ω = (0)/2. (4)
A dimensional electric ﬁeld amplitude E’ is deﬁned in terms
of amplitude E (V/m) by the expression
E0 =
eEk
mω2 (5)
and dimensional resonant particle current by
J0 =
eJµ0
2mωk
. (6)
Assuming strictly parallel propagation, ignoring terms in
λ/RE, where RE is the radius of the Earth, Maxwell’s equa-
tions and the linear equations of motion of the ambient cold
plasma give the following ﬁeld equation in dimensionless
units
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where
E⊥ = Ex + iEy;J⊥ = Jx + iJy (8)
and Jx, Jy are the components of resonant particle current. In
the above dimensionless equation the factor β is given by
β = 1 + 0.5χz2;χ = 9(10−14)/(6370Lk
2
) (9)
for a parabolic variation of ambient magnetic ﬁeld about the
equator in a dipole ﬁeld conﬁguration. The factor γe is the ra-
tio {Ne(z)/Ne(0)} and is also assumed to be a parabolic func-
tion of z
γe = 1 + 0.5νz2;ν = 0.4β . (10)
The dimensionless dispersion relation now becomes
k2
0 =
γeω0
(2β − ω0)
+
ω2ω2
0
c2k
2 , (11)
where ω0 and k0(z) are dimensionless frequency and wave
number, and dimensionless group velocity is of course given
by
Vg = dω/dk (12)
For a band limited (“narrow band”) wave particle interaction,
with bandwidths ∼100Hz, we now deﬁne a base frequency
ω0 and the corresponding wave number k0(z) through the
above dispersion relation. Of course where the frequency of
the simulated emission is rising or falling then the base fre-
quency will have to be periodically redeﬁned. Next we deﬁne
dimensionless amplitude and resonant particle phasors R,J
in which the fast phase variation is divided out
E⊥ = Rei8;J⊥ = Jei8 , (13)